Introduction
The zebrafish has emerged as a powerful system to study the genetic and neural circuits that regulate behavior Nicolson et al., 1998; Barth et al., 2005; Muto et al., 2005; Prober et al., 2006; Bhatt et al., 2007; Burgess and Granato, 2007; McLean et al., 2007; McLean and Fetcho, 2008; Orger et al., 2008) . Zebrafish larvae detect a variety of thermal, chemical, and mechanical stimuli through trigeminal and Rohon-Beard sensory neurons, whose cutaneous peripheral axons innervate the head and trunk, respectively (Metcalfe et al., 1990; Sagasti et al., 2005) . These stimuli are also detected internally by the epibranchial sensory ganglia, which innervate visceral organs such as the gut and intestine (Olsson et al., 2008) . Although the development of these sensory systems has been well characterized in zebrafish (Raible and Ungos, 2006; Nechiporuk et al., 2007) , little is known about the molecules responsible for detecting specific stimuli. The optical transparency of zebrafish larvae and the amenability of zebrafish to large-scale genetic and pharmacologic screens (Driever et al., 1996; Granato et al., 1996; Haffter et al., 1996; Peterson et al., 2000; North et al., 2007; Sachidanandan et al., 2008) make it an excellent system to identify the genes and neurons that regulate behavior. Furthermore, the robust behaviors exhibited by zebrafish larvae (Muto et al., 2005; Prober et al., 2006; Burgess and Granato, 2007; McLean and Fetcho, 2008; Orger et al., 2008 ) make them well suited for studying the roles of candidate molecules in regulating these behaviors.
Studies in mammals, Drosophila melanogaster and Caenorhabditis elegans identified transient receptor potential (TRP) ion channels as responsible for detecting a range of thermal, chemical, and mechanical stimuli (Bandell et al., 2007; Caterina, 2007; Christensen and Corey, 2007; Montell and Caterina, 2007) . A particularly intriguing TRP channel is TRPA1, which has been implicated in detecting noxious chemicals in mammals and Drosophila (Bandell et al., 2004; Jordt et al., 2004; Bautista et al., 2005; Macpherson et al., 2005 Macpherson et al., , 2007 Al-Anzi et al., 2006; Bautista et al., 2006; Kwan et al., 2006; McNamara et al., 2007; Trevisani et al., 2007) , in mediating thermotaxis in Drosophila (Rosenzweig et al., 2005; Hamada et al., 2008; Kwon et al., 2008) , and in mechanotransduction in mammals and C. elegans (Kwan et al., 2006; Kindt et al., 2007) . Some reports Bandell et al., 2004; Kwan et al., 2006; Klionsky et al., 2007; Sawada et al., 2007; Fajardo et al., 2008) , but not others (Jordt et al., 2004; Bautista et al., 2006) , also implicated TRPA1 in detecting noxious cold, although subsequent studies suggested that this was an indirect result of increased intracellular Ca 2ϩ concentration (Doerner et al., 2007; Zurborg et al., 2007) . A previous report using short interfering RNA (siRNA) in mammals and morpholino antisense oligonucleotides in zebrafish suggested that TRPA1 forms part of the hair cell mechanotransduction channel that is required for inner ear and lateral line hair cell function (Corey et al., 2004) . However, subsequent work found that inner ear hair cell function is normal in TRPA1 knock-out mice (Bautista et al., 2006; Kwan et al., 2006) . To clarify the function of TRPA1 channels in vertebrates, we generated null mutations in both zebrafish TRPA1 paralogs and assessed their contribution to behavioral responses to chemical, thermal, and mechanical stimuli.
Materials and Methods

Isolation of zebrafish trpa1a and trpa1b cDNAs
Full-length trpa1a and trpa1b cDNAs were amplified by performing reverse transcription-PCR with Superscript II (Invitrogen) using primers based on sequence from 5Ј rapid amplification of cDNA ends (RACE; First Choice RLM-RACE; Ambion) and Ensembl exon prediction. The cDNA sequences have been deposited in GenBank under accession numbers EU826643 (trpa1a) and EU826642 (trpa1b).
In situ hybridization
Single in situ hybridizations were performed using standard protocols and developed using nitroblue-tetrazolium chloride and 5-bromo-4-chloro-indolyl-phosphate (Roche). Double-fluorescence in situ hybridizations were performed using digoxigenin-and 2,4-dinitrophenol (DNP)-labeled riboprobes and the TSA Plus DNP System (PerkinElmer).
In vitro studies of zebrafish TRPA1 function
Mammalian cell culture and calcium imaging. HEK293T cells were maintained in standard DME H-21 medium supplemented with 10% fetal bovine serum. Transfection was achieved using Lipofectamine 2000 (Invitrogen) according to the manufacturer's instructions (250 ng/cm 2 of channel cDNA.) The following day, cells were plated onto polyornithinecoated eight-well chamber slides, washed with Ringer's solution (in mM: 155 NaCl, 4.5 KCl, 2 CaCl 2 , 1 MgCl 2 , 10 D-glucose, and 5 HEPES-Na, pH 7.4), and loaded with 10 M fura-2 AM ϩ 0.02% pluronic acid. Mustard oil, diallyl disulfide (DADS), and cinnamaldehyde were dissolved in DMSO, and 4-hydroxynonenal (4-HNE) was dissolved in ethanol. All drugs were diluted into Ringer's solution immediately before experiments.
Xenopus oocyte culture and electrophysiology. Surgically extracted oocytes from Xenopus laevis frogs (Nasco) were maintained in standard ND-96 medium supplemented with antibiotics, injected with 1-10 ng of in vitro transcribed cRNA (mMessage machine; Ambion), and analyzed 3-5 d later. For two-electrode voltage clamp, the bath contained the following (in mM): 120 CsCl, 10 HEPES, 2 MgCl 2 -6H 2 O, and 1 EGTA, pH 7.4. Electrodes were filled with 3 M KCl and had resistances of 0.2-2 M⍀. Two-electrode voltage clamp was performed with a GeneClamp 500 amplifier (Molecular Devices) using a 320 ms voltage ramp from Ϫ100 mV to ϩ80 mV delivered once per second. Mustard oil was diluted into recording solution immediately before experiments.
Generation of trpa1a and trpa1b mutant zebrafish
Targeted induced local lesions in genomes (TILLING) was used to generate trpa1a and trpa1b null mutants, as described previously (Wienholds et al., 2002) .
Behavioral analysis
Larvae were raised on a 14/10 h light/dark cycle at 28.5°C. On the third day of development, single larvae were placed in each of 80 wells of a 96-well plate (290-8121-010; Evergreen Scientific). The plate lacks a base, and a 300 m nylon mesh (M300; Aquatic Ecosystems) was glued to the base of the plate with Instant Krazy Glue (Elmers). The plate was soaked in 2 L of water for 48 h after the glue cured. The plate was placed in a chamber filled with circulating water pumped from a 28.5°C water bath (supplemental Fig. 3B , available at www.jneurosci.org as supplemental material) in a custom-modified Zebrabox (ViewPoint Life Sciences). Larvae were maintained in the dark for 24 h before behavior analysis and throughout the experiment. The locomotor activity of each larva was monitored by an automated video tracking system (supplemental Fig.  3A , available at www.jneurosci.org as supplemental material) (Videotrack; ViewPoint Life Sciences) and analyzed as previously described (Prober et al., 2006) . Larvae were exposed to heated or cooled water by switching the circulating water flow to water baths containing water heated using a hotplate (11-600-49SH; Fisher Scientific) or cooled by a secondary reservoir containing ice. The temperature in the Zebrabox chamber was monitored using a YSI Precision Thermometer (model 4600) and cuvette probe (model 451; YSI Temperature). For tapping assays, an intermittent-duty push-type solenoid (28P-I-12D; Guardian Electric) was mounted outside the water-filled chamber that contains the 96-well plate. The contacts of the solenoid were wired to a switch that controlled a fixed current provided by a 12 V DC, 1000 mA, AC/DC transformer. Taps were administered by switching on the 12 V DC supply. In control experiments, taps did not cause movement artifacts in wells that lacked larvae. For chemical experiments, the circulating water flow was switched to reservoirs containing 1% DMSO (MX1458 -6; EMD Chemicals), allyl isothiocyanate (mustard oil; 377430; Sigma-Aldrich; diluted to 100 M in 1% DMSO), cinnamon oil (C7267; SigmaAldrich; diluted to 500 M in 1% DMSO), DADS (32621; Sigma-Aldrich; diluted to 200 M in 1% DMSO) or acrolein (01679; Sigma-Aldrich; diluted to 300 M in water). For 4-HNE (393204; EMD Chemicals) experiments, day 3 larvae were gently pipetted into a solution containing either water or 4-HNE diluted to 200 M in water. Behavioral responses were recorded using a Canon digital video camcorder (ZR80).
Analysis of hair cell function
Microphonic potentials were recorded from the otocysts of 7-d-old larvae using established techniques Starr et al., 2004) . Each larva was immobilized on its side against the coverglass bottom of an experimental chamber with 1.4% low-melting-point agarose in oxygenated solution containing 120 mM NaCl and 650 mM of the anesthetic 3-aminobenzoic acid ethyl ester methanesulfonate (MESAB). A piezoelectric stimulator (PZL-015-11; Burleigh) driven by a high-voltage amplifier (PZ-150 M; Burleigh) provided five-cycle bursts of 200 Hz, Ϯ3 m sinusoidal stimuli, which were delivered axially to the front of the animal's head by a glass probe attached to the stimulator. A glass microelectrode containing 3 M KCl, advanced into the otocyst by a micromanipulator, recorded microphonic potentials with respect to a ground electrode in the bath. The signals were amplified (Axoclamp-2A; Molecular Devices), low-pass filtered at 4 kHz, digitally sampled every 50 ms, and averaged with software written in LabVIEW (National Instruments).
Labeling of inner ear hair cells was performed by pressure injecting (Corey et al., 2004 ) ϳ50 nl of FM1-43 dye (Invitrogen) at a concentration of 50 M into the otocyst of larvae that were anesthetized with 650 mM MESAB. Imaging was performed between 5 and 10 min after injection on a DM IRE2 inverted confocal laser-scanning microscope (Leica Microsystems). Labeling of lateral line hair cells was accomplished by incubating larvae in 7 M FM1-43 dye for 5 min. Subsequently, animals were washed in fish water and anesthetized with 650 mM MESAB. Animals were imaged using an MZFLIII fluorescence stereomicroscope (Leica Microsystems). To ablate lateral line hair cells before FM1-43 treatment, larvae were incubated in 100 M neomycin (Santos et al., 2006) for 20 min and allowed to recover for 3 h. For quantitation of FM1-43 dye uptake into hair cells of ear sensory patches and neuromasts, the pixel fluorescence intensity was determined for each sensory organ using Photoshop (Adobe Systems).
Results
Zebrafish TRPA1 paralogs are expressed in sensory neurons
In agreement with a previous report (Corey et al., 2004) , we identified two zebrafish orthologs of mammalian TRPA1, designated TRPA1a and TRPA1b (supplemental Fig. 1 , available at www.jneurosci.org as supplemental material). These two genes are likely paralogs generated by a teleost-specific whole-genome duplication (Postlethwait, 2007) . Using in situ hybridization, we found that trpa1a is exclusively expressed in the most posterior vagal sensory ganglion (Fig. 1C,D) . trpa1a expression is first detected in one or two neurons at 72 h postfertilization (hpf) (Fig.  1 A) and expands to four or five neurons by 120 hpf (Fig. 1 B) . In contrast, trpa1b is expressed as early as 30 hpf in a subset of trigeminal and Rohon-Beard sensory neurons ( Fig. 1 E, F ) . By 120 hpf, trpa1b expression expands to include subsets of neurons in all cranial sensory ganglia ( Fig. 1G,H ) . We did not observe expression of either TRPA1 paralog in ear or neuromast hair cells (data not shown). Because the most posterior vagal sensory ganglion innervates visceral organs such as the gut and intestine (Olsson et al., 2008) , whereas the trigeminal and Rohon-Beard neurons innervate the skin (Metcalfe et al., 1990; Sagasti et al., 2005) , TRPA1b likely detects both internal and external stimuli, whereas TRPA1a likely only detects internal stimuli.
Zebrafish TRPA1 paralogs are activated by chemical irritants in vitro
Mammalian and Drosophila TRPA1 orthologs are activated by the pain-inducing natural product allyl isothiocyanate, commonly known as mustard oil (Bandell et (Fig. 2 A) . Similarly, mustard oil induced strong inward current in Xenopus oocytes expressing zebrafish TRPA1a or TRPA1b (Fig. 2 B) . This response was reduced by coapplication of ruthenium red (Fig. 2 B) , which inhibits mammalian TRPA1 function. These results establish that both zebrafish TRPA1 paralogs can be activated by mustard oil.
Mammalian TRPA1 is activated by several other plant-derived natural products that elicit pain, including cinnamaldehyde (cinnamon oil) and DADS, the pungent components in cinnamon and garlic, respectively (Bandell et al., 2004; Bautista et al., 2005; Macpherson et al., 2005) . Mammalian TRPA1 is also activated by environmental irritants such as acrolein (Bautista et al., 2006) , the toxic component in tear gas and vehicle exhaust, and by 4-HNE Trevisani et al., 2007) , an endogenous compound that is produced in response to tissue injury, inflammation, and oxidative stress. Each of these compounds increased Ca 2ϩ concentration in HEK293T cells expressing zebrafish TRPA1a or TRPA1b (supplemental Fig. 2 , available at www.jneurosci.org as supplemental material). We therefore conclude that both zebrafish TRPA1 paralogs can be activated by a range of chemical irritants.
Zebrafish TRPA1 paralogs are required for behavioral responses to chemical irritants
Because the zebrafish TRPA1 paralogs are expressed in sensory neurons and are activated by chemical irritants in vitro, and because these irritants elicit TRPA1-dependent nociceptive behavioral responses in mice (Bautista et al., 2006; Kwan et al., 2006) , we hypothesized that these irritants would elicit a similar response in zebrafish larvae. To test this hypothesis, we used an automated video tracking system to monitor the locomotor activity of large numbers of zebrafish larvae (supplemental Fig. 3,   Figure 1 . Zebrafish trpa1a and trpa1b mRNA expression patterns. A, B, trpa1a mRNA is expressed in one or two neurons at 72 hpf (A, arrow) and four or five neurons at 120 hpf (B, arrow). C, D, Double-fluorescence in situ hybridization with phox2a (red), which labels epibranchial sensory ganglia, shows that trpa1a expression is restricted to the most posterior vagal sensory ganglion (yellow, arrows). The boxed region in C is shown at higher magnification in D. E, F, trpa1b is expressed in a subset of trigeminal (E, boxed region enlarged in inset) and Rohon-Beard (F, boxed region enlarged in inset) sensory neurons at 30 hpf. G, H, By 120 hpf, trpa1b is expressed in a subset of neurons in all epibranchial sensory ganglia. The boxed region in G is shown at higher magnification in H. f, Facial ganglion; g, glossopharyngeal ganglion; t, trigeminal ganglion; v, vagal ganglion. Scale bars: A-C, E-G, 100 m; D, H, 50 m. available at www.jneurosci.org as supplemental material) (Prober et al., 2006) . Individual larvae were placed into 80 wells of a 96-well plate. The plate was immersed in a recirculating water bath, and a fine mesh was used as the base of the plate, thus exposing the larvae to the water. This system allowed us to expose the larvae to different stimuli by switching between different water reservoirs.
We found that on the fourth day of development, zebrafish larvae maintained in the dark exhibit very little spontaneous locomotor activity (Fig. 3A) . Similarly, exposure to 1% DMSO had no effect on locomotor activity (Fig. 3 A, D) . In contrast, exposure to 100 M mustard oil in 1% DMSO elicited a robust increase in locomotor activity, consistent with an escape response from a noxious chemical (Fig. 3 A, D) . Similar responses were observed after exposure to cinnamon oil, DADS, acrolein (supplemental Fig. 4 , available at www.jneurosci.org as supplemental material), and 4-HNE (supplemental Movie 1, available at www. jneurosci.org as supplemental material). Thus, as in mammals, these chemical irritants are noxious stimuli for zebrafish larvae.
To test whether the zebrafish TRPA1 paralogs are required for this behavioral response, we used a method known as TILLING to generate mutations in both genes (Wienholds et al., 2002) . We generated trpa1a mutant fish in which an A-to-T transversion introduced a stop codon at amino acid 142 (trpa1a hu2163 ) (supplemental Fig. 1 A, available at www.jneurosci.org as supplemental material). The protein encoded by this mutant gene lacks most ankyrin domains and all transmembrane domains, and should therefore lack all function. In situ hybridization revealed significantly reduced levels of trpa1a mRNA in homozygous mutants (data not shown), likely because of nonsense-mediated mRNA decay (Isken and Maquat, 2007) . We also generated trpa1b mutant fish in which an A-to-T transversion deletes the splicing acceptor site for exon 11 (trpa1b vu197 ) (supplemental Fig. 1 B, available at www.jneurosci.org as supplemental material). All trpa1b cDNA derived from these mutant fish is generated by using a cryptic splice site within intron 10 that causes a frame shift (data not shown), leading to a premature stop codon (supplemental Fig. 1 B, available at www.jneurosci.org as supplemental material). The protein encoded by this mutated gene lacks some ankyrin repeats and all transmembrane domains, and should therefore be nonfunctional.
We next used these mutants to test whether TRPA1a or TRPA1b is required for the behavioral response to chemical irritants. Larvae heterozygous for mutations in trpa1a alone, trpa1b alone, or both trpa1a and trpa1b responded to mustard oil to an extent similar to that of their wild-type siblings (data not shown). trpa1a homozygous mutants also exhibited a normal response to mustard oil (Fig. 3 A, D; supplemental Fig. 5 E, F , available at www.jneurosci.org as supplemental material). In contrast, both trpa1b homozygous mutants and trpa1a; trpa1b doubly homozygous mutants exhibited almost no response to mustard oil, indicating that only TRPA1b is essential for this response (Fig. 3 A, D; supplemental Fig. 5 E, F , available at www.jneurosci.org as supplemental material). Similarly, both trpa1b homozygous mutants and trpa1a; trpa1b doubly homozygous mutants exhibited no responses to acrolein (supplemental Fig. 4 A, available at www. jneurosci.org as supplemental material) or 4-HNE (supplemental Movie 2, available at www.jneurosci.org as supplemental material) and reduced responses to cinnamon oil and DADS (supplemental Fig. 4 B, C, available at www.jneurosci.org as supplemental material). These results are consistent with our mRNA expression analysis showing that trpa1b is expressed in sensory neurons that innervate the skin (Fig. 1 E, F ) , whereas trpa1a expression is restricted to sensory neurons innervating visceral organs (Fig. 1C,D) that should not be activated by externally applied compounds.
Zebrafish TRPA1 paralogs are not required for behavioral responses to thermal stimuli TRPA1 has been implicated in sensing thermal stimuli in other systems, but these results are controversial Viswanath et al., 2003; Bandell et al., 2004; Jordt et al., 2004; Rosenzweig et al., 2005; Bautista et al., 2006; Kwan et al., 2006; Klionsky et al., 2007; Sawada et al., 2007; Zurborg et al., 2007; Fajardo et al., 2008; Hamada et al., 2008; Kwon et al., 2008) . In pilot experiments, we found that zebrafish larvae prefer temperatures between 22 and 30°C and that immersion in water at temperatures Ͼ37°C or Ͻ16°C causes robust increases in locomotor activity (data not shown). To test whether the zebrafish TRPA1 paralogs are required for behavioral responses to noxious heat and cold, we shifted larvae from their preferred temperature of 28°C to temperatures of noxious heat (Ͼ37°C) or noxious cold (Ͻ16°C). We found that trpa1a; trpa1b doubly homozygous mutants exhibited increased locomotor activity in response to both To test for more subtle temperature-sensing defects, larvae were shifted from 28°C to slightly warmer or cooler temperatures. Temperature shifts from 28 to 22°C or from 28 to 30°C did not elicit behavioral responses (data not shown), whereas shifts from 28 to 20, 32, or 34°C induced moderate increases in locomotor activity (supplemental Fig. 6 , available at www. jneurosci.org as supplemental material). In all cases, trpa1a; trpa1b doubly homozygous mutants exhibited responses that were not significantly different from their heterozygous and wildtype siblings. Together, these experiments demonstrate that TRPA1 channels are not required for behavioral responses to thermal stimuli in zebrafish larvae.
Zebrafish TRPA1 paralogs are not required for mechanosensory function of inner ear or lateral line hair cells
Knockdown of trpa1 expression using siRNAs in mammals or morpholino antisense oligonucleotides in zebrafish larvae suggested that TRPA1 function is required for inner ear and lateral line hair cell function in vivo (Corey et al., 2004) . Subsequent analyses showed that TRPA1 knock-out mice have normal inner ear hair cell function (Bautista et al., 2006; Kwan et al., 2006) . However, it remains unclear whether TRPA1 is required for hair cell function in zebrafish. To assess the function of hair cells in the inner ear, we used extracellular microelectrodes to record microphonic potentials in response to mechanical stimulation (Sidi et al., 2003; Kappler et al., 2004) . Because the sensory epithelia of the anterior and posterior maculae contain complements of hair cells oriented in opposing directions, wild-type larvae tested at 7 d postfertilization (dpf) produce responses at twice the frequency of stimulation (Fig. 4 A) . trpa1a; trpa1b doubly homozygous mutant larvae yielded responses indistinguishable from those of wild-type animals (Fig. 4 A) . In particular, the peak-to-peak magnitude of the frequency-modulated response in five double homozygous mutants, 207 Ϯ 27 V, did not differ significantly from that of five wild-type animals, 193 Ϯ 65 V.
We next tested the ability of inner ear and lateral line hair cells to take up the fluorophore FM1-43, which enters hair cells through functional mechanotransduction channels . FM1-43 was injected into the otic vesicle to label inner ear hair cells, and whole larvae were immersed in FM1-43 to label lateral line neuromasts. In both trpa1a; trpa1b doubly homozygous mutant and wild-type larvae, all anterior macular, lateral crista, and lateral line hair cells exhibited normal FM1-43 uptake (Fig. 4 B-E) . As a negative control, larvae were treated with neomycin, which ablates lateral line hair cells (Ma et al., 2008) , and therefore no uptake was observed (Fig. 4 D) . Although there was A, C) . Temperatures between 4 and 16°C had similar stimulatory effects on locomotor activity (data not shown). DMSO alone had no effect on locomotor activity (A, D). Mustard oil dramatically increased locomotor activity of larvae of all genotypes except those homozygous mutant for trpa1b or doubly homozygous mutant for trpa1a and trpa1b (A, D). **p Ͻ 0.01 for 28°C versus Ͼ37°C, 28°C versus Ͻ16°C, and DMSO versus mustard oil; ∧ p Ͻ 0.01 for mustard oil versus b/b mustard oil or versus a/a; b/b mustard oil, all by two-tailed Student's t test.
modest variability in labeling between animals, this variability did not correlate with genotype (data not shown). We therefore conclude that the zebrafish TRPA1 paralogs are not necessary for mechanically evoked uptake of FM1-43 by hair cells. As a final test of inner-ear function in trpa1 mutant larvae, we assayed behavioral responses to an acoustic stimulus. We used a mechanical solenoid to tap the 96-well plate in the video tracking system and recorded locomotor responses. As a control, we tested the response of mariner mutants, which lack acoustic vibrational sensitivity and inner ear microphonic potentials (Nicolson et al., 1998) because of a mutation in myosin VIIa (Ernest et al., 2000) . Wild-type larvae exhibited brief but robust locomotor activity in response to each of three taps that were applied 30 s apart (supplemental Fig. 7 , available at www.jneurosci.org as supplemental material). In contrast, mariner mutants did not respond to the stimuli (supplemental Fig. 7 , available at www.jneurosci.org as supplemental material). We then tested the response of trpa1 mutants to a series of 10 taps spaced 10 min apart. trpa1a; trpa1b doubly homozygous mutant larvae exhibited responses indistinguishable from those of their doubly heterozygous mutant siblings (Fig. 5) , indicating that TRPA1 channels are not required for behavioral responses to acoustic vibrational stimuli in zebrafish larvae.
Discussion
In this study, we found that the two zebrafish TRPA1 paralogs, trpa1a and trpa1b, are expressed in discrete patterns in larval sensory neurons. trpa1a is exclusively expressed in neurons in the most posterior vagal sensory ganglion, which innervate visceral organs such as the gut and intestine. In contrast, trpa1b is expressed in trigeminal and Rohon-Beard sensory neurons that innervate the skin, as well as in subsets of neurons in all cranial sensory ganglia. These expression patterns suggest that TRPA1b can be activated by both internal and external stimuli, whereas TRPA1a likely only detects internal stimuli.
We found that zebrafish TRPA1a and TRPA1b, like mammalian TRPA1, can be activated by the pain-inducing natural products allyl isothiocyanate, cinnamaldehyde, and diallyl disulfide, by the environmental irritant acrolein, and by the endogenous compound 4-hydroxynonenal. A loss-of-function mutation in zebrafish trpa1b reduced or abolished the robust increase in locomotor activity induced by these chemicals. We suggest that TRPA1a function was not necessary for behavioral responses to chemical irritants in our assay because the externally applied chemicals likely did not reach the internal organs that are innervated by trpa1a-expressing neurons. In contrast to these results using chemical irritants, zebrafish larvae lacking both trpa1a and trpa1b exhibited normal behavioral responses to thermal stimuli and had normal mechanosensory hair cell function. These findings are largely consistent with those obtained in mice lacking TRPA1, although there is some controversy surrounding the role of TRPA1 in cold sensitivity in mammals. Bautista et al. (2006) reported that TRPA1-deficient mice display normal behavioral responses to cold. In contrast, Kwan et al. (2006) reported differences in the cold sensitivity of wild-type and TRPA1-deficient mice at the behavioral level, and Fajardo et al. (2008) found that nodose ganglion neurons from TRPA1-deficient mice have reduced cold-evoked responses.
A previous study reported that knockdown of the expression of trpa1a, but not of trpa1b, with morpholino antisense oligonucleotides impaired both inner ear and lateral line hair cell function in zebrafish larvae (Corey et al., 2004) . In contrast, we found that trpa1a; trpa1b doubly homozygous mutant zebrafish larvae have normal hair cell function. Similarly, knockdown of trpa1 expression in mouse hair cells by siRNAs inhibited hair cell func- (Ghysen and Dambly-Chaudiere, 2004 ) and one anterior lateral line (MI1) (Raible and Kruse, 2000) neuromast was quantitated for each larva. N is the total number of neuromasts quantitated. Error bars represent SEM.
tion (Corey et al., 2004) , whereas hair cell function is normal in trpa1 mutant mice (Bautista et al., 2006; Kwan et al., 2006) . Although the reasons for these discrepancies are unclear, it is well established that morpholinos can cause nonspecific phenotypes such as cell death or developmental delay (Robu et al., 2007) (D. A. Prober and A. F. Schier, unpublished data) . Because the analysis of morpholino-injected fish was performed soon after hair cells would normally have become functional in zebrafish development (Corey et al., 2004) , it is possible that developmental delay caused by the morpholinos led to the observed phenotypes.
Since the zebrafish TRPA1 paralogs are not required for inner ear or lateral line hair cell function, what molecules mediate mechanotransduction in these sensory cells? A potential candidate is NompC, which is required for touch sensitivity in adult Drosophila sensory bristles (Walker et al., 2000) . Zebrafish have a single NompC ortholog that is expressed in hair cells (Sidi et al., 2003) . Morpholinodependent knockdown of nompC expression inhibits behavioral responses to acoustic stimuli and abolishes microphonic potentials and uptake of FM1-43 in lateral line hair cells. These results indicate that NompC may play a key role in hair cell mechanotransduction in zebrafish, although a subsequent study failed to detect NompC protein at the tips of hair cell stereocilia in Xenopus (Shin et al., 2005) . High-resolution analysis of NompC localization and studies using a nompC null mutant are required to confirm its potential role in hair cell mechanotransduction. Bioinformatic approaches have failed to identify a mammalian NompC ortholog (Sidi et al., 2003; Corey et al., 2004) , suggesting that another protein acts as the mechanotransduction channel in mammals. Although the biophysical and pharmacological properties of the hair cell transduction channel are well established (Christensen and Corey, 2007) , its molecular identity remains a mystery.
Our results raise the question of what molecules are used for thermosensation in zebrafish. Studies in mammals found that four members of the TRPV family are activated at different temperature thresholds. TRPV4 and TRPV3 are activated by warm stimuli (Ͼ25°C to Ͼ34°C and Ͼ34°C to Ͼ39°C, respectively) (Güler et al., 2002; Peier et al., 2002b; Smith et al., 2002; Watanabe et al., 2002; Xu et al., 2002) , and TRPV1 and TRPV2 are activated by noxious heat (Ͼ42°C and Ͼ52°C, respectively) (Caterina et al., 1997 (Caterina et al., , 1999 . The zebrafish genome contains a single trpv4 ortholog (Mangos et al., 2007) and a single trpv1 gene that is similarly homologous to mammalian trpv1-3 (Caron et al., 2008) . The generation of mutants in the zebrafish TRPV1 and TRPV4 orthologs will reveal whether these molecules function as heat sensors. TRPM8 is required for sensing cool temperatures . The zebrafish genome contains orthologs of several members of the trpm gene family; however, none of these genes is most closely related to trpm8 (Saito and Shingai, 2006) (D. A. Prober and A. F. Schier, unpublished data) , and zebrafish larvae do not exhibit a behavioral response to menthol (Caron et al., 2008) . We therefore suggest that zebrafish lack a trpm8 ortholog, and that other genes are used by zebrafish to sense cold temperatures. In fact, mice lacking TRPM8 still retain some sensitivity to noxious cold (Ͻ15°C) Colburn et al., 2007; Dhaka et al., 2007) , suggesting that as yet unidentified molecules contribute to cold sensing in mammals as well. Genetic and pharmacologic screens in zebrafish will facilitate discovery of the genes required to sense these stimuli.
Finally, our study establishes the zebrafish as a powerful system for the study of nociceptive behaviors in vertebrates. Our high-throughput, quantitative locomotor activity assay allows the analysis of hundreds of larvae simultaneously. This system is well suited for large-scale behavioral screens to identify novel genes and drugs that regulate behavioral responses to a range of thermal, chemical, and mechanical stimuli.
